Introduction
Cancer of the prostate is a leading cause of cancer death in developed countries (1). Clinical behavior of prostate cancer ranges from indolent disease to very aggressive tumors that rapidly progress to castration resistance (2) . The molecular mechanisms contributing to this heterogeneity are still poorly understood (3) . Cancer stemlike cells within the primary tumors may contribute to metastasis, treatment failure, and aggressive clinical behavior (4) . Thus, the identification of pathways leading to the expansion of stem-like cancer cells could provide innovative strategies for targeting this cell subpopulation and prevent disease progression and recurrence.
Chromosomal translocations involving oncogenic ETS transcription factors (TFs), like ERG, are found in about 50% of prostate cancers (5) (6) (7) . Deregulation of endogenous ETS TFs, like ESE3/EHF, has also a relevant role in prostate tumorigenesis (8) (9) (10) (11) . We reported that in ETS translocation-negative primary prostate tumors, reduced expression of ESE3/EHF was associated with increased expression of epithelial-to-mesenchymal transition (EMT) and stem cell-like genes and clinical features of aggressive disease (8) . Defining the mechanisms leading to dedifferentiation and acquisition of stem-like properties in this context could provide relevant insights for the management of prostate cancer.
MicroRNAs (miRNAs) are naturally occurring small noncoding RNAs that regulate gene expression by inhibiting mRNA translation into proteins (12) . Deregulated expression of miRNAs is very frequent in human cancers, including prostate cancer (13) (14) (15) . Mutations and deletions of genes encoding components of the ubiquitin ligase complexes resulting in altered protein ubiquitination and turnover are also emerging as important mechanisms driving prostate tumorigenesis (16) (17) (18) (19) .
In this study we defined a novel oncogenic axis linking miRNA deregulation and altered protein ubiquitination. This axis involved microRNA-424-induced posttranscriptional silencing of the E3 ubiquitin ligase COP1 leading to reduced degradation and activation of STAT3, a critical TF involved in tumor progression (20, 21) . This pathway was initiated by loss of ESE3/EHF and led to acquisition of tumor-initiating and metastatic properties in prostate epithelial cells. Thus, this study establishes miR-424 as a key oncogenic effector in prostate cancer and uncovers a novel mechanism controlling STAT3 protein level and activity. Furthermore, we identify an important pathway leading to aggressive prostate cancer, opening new perspectives for the treatment of this disease.
Results

miR-424 is upregulated in prostate tumors and associated with aggressive features.
To understand the mechanisms leading to dedifferentiation in prostate tumors and the role of ETS factors in this context, we profiled miRNA expression in human normal prostate (n = 21) and prostate tumor (n = 48) samples that we previously analyzed for the global gene expression and ETS gene status (8, 10) . We observed a substantial heterogeneity of the miRNA profiles across tumor samples, in line with the notion of subtype-specific miRNA deregulation. Interestingly, most of the ESE3 lo tumors displayed a similar miRNA profile and clustered together in unsuMutations and deletions in components of ubiquitin ligase complexes that lead to alterations in protein turnover are important mechanisms in driving tumorigenesis. Here we describe an alternative mechanism involving upregulation of the microRNA miR-424 that leads to impaired ubiquitination and degradation of oncogenic transcription factors in prostate cancers. We found that miR-424 targets the E3 ubiquitin ligase COP1 and identified STAT3 as a key substrate of COP1 in promoting tumorigenic and cancer stem-like properties in prostate epithelial cells. Altered protein turnover due to impaired COP1 function led to accumulation and enhanced basal and cytokine-induced activity of STAT3. We further determined that loss of the ETS factor ESE3/EHF is the initial event that triggers the deregulation of the miR-424/COP1/STAT3 axis. COP1 silencing and STAT3 activation were effectively reverted by blocking of miR-424, suggesting a possible strategy to attack this key node of tumorigenesis in ESE3/EHF-deficient tumors. These results establish miR-424 as an oncogenic effector linked to noncanonical activation of STAT3 and as a potential therapeutic target.
MicroRNA-424 impairs ubiquitination to activate STAT3 and promote prostate tumor progression miR-424 upregulation on the tumor phenotype, we applied differential gene expression analysis and compared tumors with high and low miR-424 level in the available data sets to identify molecular and biological differences between the 2 subgroups. Gene set enrichment analysis (GSEA) of the extracted miR-424 signatures revealed that miR-424-high tumors compared with miR-424-low tumors were significantly enriched of genes involved in mesenchymal transition (Anastassiou_cancer_mesenchymal_transition_ signature) and stem cell-like features (Boquest_stem_cell_up and Lim_mammary_stem_cell_up) ( Figure 1E ). In contrast, GSEA with androgen-related gene lists (wang_response_to_androgen_up; nelson_response_to_androgen_up; nelson_response_to_androgen_dn) revealed no significant enrichment in both data sets (data not shown). Furthermore, we did not find any significant association between miR-424 level and the recently described AR score in the TCGA data set (22) (Supplemental Figure 1D) . Strikingly, the gene signatures of miR-424-high tumors in distinct data sets were significantly convergent (n = 681, P < 0.000001), supporting miR-424 as a key driver of these features ( Figure 1F ). Functional annotation analysis of the miR-424 gene signatures also revealed a significant overlap between the 2 data sets with enrichment of common pathways, including focal adhesion, extracellular membrane receptor, and calcium signaling ( Figure 1G ). Notably, analysis of miRNA expression data sets from additional tumor types revealed that miR-424 was significantly upregulated also in other tumors, including lung, gastric, and breast cancer (Supplemental Figure 1D ). Collectively, these findings indicated that miR-424 could act as an oncogenic miRNA deregulated in prostate cancer and potentially in multiple other epithelial tumors.
miR-424 is repressed by ESE3/EHF in normal prostate epithelial cells. Our data in prostate tumors and cell lines indicate an inverse correlation between ESE3/EHF and miR-424 and suggested that ESE3/EHF could negatively regulate miR-424. We found multiple ETS binding sites with high score in the MIR424 promoter (Supplemental Figure 2A ). ChIP showed binding of ESE3/EHF to the highest-score ETS binding site, in the MIR424 promoter in RWPE1 and LHS cells and not in the derivative ESE3kd lines (Figure 2 , A-D, and Supplemental Figure 2B ). Consistent with a repressive role of ESE3/EHF, we found significant enrichment of repressive histone marks on the MIR424 promoter in parental ESE3/EHF-expressing RWPE1 and LHS cells (Supplemental Figure 2C) . In contrast, enrichment of active chromatin marks was found on the MIR424 promoter in ESE3kd cells. Consistently with a repressive role, stable ( Figure 2C ) and transient expression ( Figure 1D ) of ESE3/EHF in DU145 cells reduced miR-424 level. Furthermore, transient overexpression of ESE3/EHF reduced miR-424 level in a timedependent manner in RWPE1-ESE3kd cells (Supplemental Figure  2D) . Thus, collectively these data demonstrate that ESE3/EHF prevented the expression of miR-424 in normal prostate epithelial cells and loss of ESE3/EHF triggered miR-424 upregulation.
miR-424 promotes oncogenic properties in prostate epithelial cells. Our data identified miR-424 as a potential oncogenic miRNA in prostate cancer. Consistently, we found that overexpression of miR-424 in RWPE1 cells promoted anchorage-independent growth as assessed by the soft agar assay ( Figure 3A) . miR-424 promoted cell migration and invasion as shown by wound healing and Boyden chamber assays ( Figure 3 , B and C). miR-424-transfectpervised hierarchical clustering analysis ( Figure 1A ). We reported previously that these tumors represented a distinct subgroup characterized by low ESE3/EHF expression and the absence of ETS gene rearrangements. ESE3
lo tumors showed distinctive biological features, including increased expression of EMT and stem cell genes (8) . Low ESE3/EHF expression was also associated with more aggressive features and poor clinical outcome (8) . To identify miRNAs whose altered expression was causally linked to ESE3/EHF downregulation, we profiled miRNAs in normal prostate epithelial cells with and without stable knockdown of ESE3/ EHF (ESE3kd cells). Stable ESE3kd cells recapitulated the EMT and cancer stem cell-like features observed in ESE3 lo tumors and provided an adequate model to study the transition from normal to transformed prostate epithelial cells (8) . Notably, we found miR-424 as the top miRNA upregulated in both ESE3kd cells and ESE3 lo tumors. miR-424 was significantly overexpressed in primary tumors compared with normal prostate ( Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI86505DS1) and was preferentially upregulated in the ESE3 lo tumor subgroup as indicated by both microarray and quantitative real-time RT-PCR (qRT-PCR) analysis ( Figure 1B) . miR-424 level was also inversely correlated to ESE3/EHF expression in a panel of prostate cell lines ( Figure 1C) . Furthermore, miR-424 expression was particularly low in androgen receptor-positive (AR-positive) LNCaP and VCaP cells compared with AR-negative DU145 cells, consistent with the higher expression of ESE3/EHF in the first 2 cell lines (Supplemental Figure 1C) . Also, treatment of LNCaP cells with dihydrotestosterone did not lead to a substantial increase of miR-424 level, indicating that this miRNA was not androgen regulated (data not shown).
To further support these findings we examined the expression of miR-424 in the large TCGA (The Cancer Genome Atlas) primary prostate tumor data set (n = 419). In both the TCGA and the Biella data set the expression of miR-424 was highly heterogeneous with tumors exhibiting a low, intermediate, or high level of the miRNA ( Figure 1D ). Interestingly, in both data sets high-miR-424-expressing tumors were prevalently ERG negative (Supplemental Figure 1B) . To understand the potential impact of Figure 4D ) were also significantly reduced by anti-miR-424. Notably, modulating miR-424 level did not affect proliferation and cell cycle in RWPE1, LNCaP, and DU145 cells (Supplemental Figure 5 , A-C), indicating that miR-424 impacted prominently on specific properties of the malignant cells such as the anchorage-independent growth and stem cell-like phenotype. miR-424 targets the E3 ubiquitin ligase COP1. To identify the relevant targets of miR-424 in prostate epithelial cells, we performed gene expression analysis in RWPE1 cells transfected with or without miR-424. The list of miR-424-repressed genes was then merged with a list of genes with predicted miR-424 targets in their 3′-UTR nominated using multiple prediction algorithms to enrich for putative direct targets. Predicted targets converged significantly with miR-424-repressed genes (P = 2.8 × 10 -16 ), yielding a total of 323 candidate miR-424 targets ( Figure 5A and Supplemental Table 1 ). Intriguingly, functional annotation analysis revealed among the 323 putative targets a striking prevalence of genes involved in protein ubiquitination and specifically encoding components of the E3 ubiquitin ligase complexes (n = 29) ( Figure  5B and Supplemental Table 2 ). Proteins of the E3 ubiquitin ligase complex are emerging as important oncogenic or tumor suppressor factors deregulated as a consequence of genetic events in various cancers, including prostate cancer (16, 18, 19) . Notably, among the top miR-424 targets we found the E3 ubiquitin ligase COP1 (also known as RFWD2), which is a known tumor suppressor deleted in 3%-8% of prostate cancers and other types of tumors (16, 19) . In keeping with the hypothesis of a link between miR-424 and COP1, we found a positive correlation between COP1 and ESE3/EHF in multiple prostate cancer data sets, with the most significant correlation (P < 0.00001) observed in the 2 larger data sets examined (Supplemental Figure 6, A and B) . COP1 correlated positively with ESE3/EHF also in other cancers, including kidney, breast, and bladder cancer (Supplemental Figure 6A ). An inverse correlation was also observed between MIR424 and COP1 (n = 419; P < 0.0009) in the TCGA prostate cancer data set (Supplemental Figure 6C ). Furthermore, COP1 expression was directly correlated with ESE3/EHF and inversely correlated with miR-424 levels in prostate cell lines ( Figure 5C ).
These findings were in line with the hypothesis that ESE3/ EHF and miR-424 deregulation resulted in downregulation of COP1. In support of this hypothesis, miR-424 inhibited the luciferase reporter containing the highly conserved miR-424 target sequence in the COP1 3′-UTR, while it was ineffective on the mutated 3′-UTR reporter, indicating that miR-424 acted directly ed RWPE1 cells exhibited also a dramatic change in morphology and expression of EMT markers consistent with reprogramming toward a more mesenchymal phenotype (Supplemental Figure  3A) . Furthermore, formation of prostatospheres (PSs) and expression of stem cell-like markers, features associated with a cancer stem cell-like phenotype (8, 23) , were increased by miR-424 in RWPE1 cells ( Figure 3D and Supplemental Figure 3B ). Notably, stable expression of miR-424 in the low-expressing LNCaP cells induced similar consequences, including increased cell migration and PS formation (Supplemental Figure 3 , C-G). Interestingly, both stable and transient expression of miR-424 in LNCaP cells induced a comparable increase of anchorage-independent growth in the soft agar assay (Supplemental Figure 3H) .
Conversely, a miR-424 antagonist (anti-miR-424), which effectively reduced miR-424 level (Supplemental Figure 4 , A and B), decreased anchorage-independent growth, migration, and PS formation in the tumorigenic RWPE1-ESE3kd (Figure 4 , A-C) and LHS-ESE3kd (Figure 4 , D-F), sustaining the role of miR-424 as a key oncogenic driver in the ESE3 lo context. Furthermore, in metastatic DU145 cells expressing high miR-424 and low ESE3/ EHF, anti-miR-424 decreased miR-424 (Supplemental Figure  4C) , anchorage-independent growth, and cell migration (Figure 4 , G-H, and Supplemental Figure 4E ). PS-forming ability of DU145 cells was also reduced by anti-miR-424, and the effect remained in the following PS generations, indicating a persistent impairment of the stem-like properties ( Figure 4I) . Consistently, the fraction of CD44 hi CD24
lo DU145 cells ( Figure 4J ), marking the stem-like cancer cell subpopulation (23) , and the expression ). Interestingly, the genes induced by miR-424 were significantly enriched of STAT3 targets, which represented 36% of the total induced genes ( Figure 6A , top). Abnormal activation of STAT3 signaling is implicated in many cancers, including prostate cancer (21, (24) (25) (26) . Functional annotation analysis of miR-424-activated genes in RWPE1 cells showed significant enrichment of genes in inflammatory response and cell migration ( Figure 6A , bottom), 2 features associated with activation of STAT3 signaling (20) . These findings suggested a strong link between STAT3 and the oncogenic activity of miR-424 in prostate cancer. In support of this, transfection of miR-424 in RWPE1 cells increased STAT3, phosphorylated STAT3 (p-STAT3), and STAT3-dependent reporter activity ( Figure  6B ). Notably, STAT3 and p-STAT3 were also higher in RWPE1-ESE3kd and DU145 cells than in RWPE1 control cells, in line with the high expression of miR-424 in the former cell lines ( Figure  6C ). An increase of total STAT3 was also observed in LNCaP cells with stable expression of miR-424 ( Figure 6D ) and following transient transfection of miR-424 ( Figure 6E) . Notably, the effect of miR-424 on total STAT3 protein in LNCaP cells was seen in both the presence and the absence of IL-6-induced phosphorylation ( Figure 6F ). Furthermore, the induction of p-STAT3 by IL-6 was significantly higher in the cells expressing miR-424 ( Figure 6F ) and resulted in hyperinduction of STAT3 reporter activity in the presence of both IL-6 and miR-424 ( Figure 6G ), suggesting that miR-424 enhanced the cell response to IL-6 by increasing the STAT3 protein level. Importantly, treatment with anti-miR-424 reduced total STAT3 and p-STAT3 along with STAT3 reporter activity in DU145 cells ( Figure 6H and Supplemental Figure 9 ). on the 3′-UTR of the COP1 mRNA to block protein translation (Figure 5D ). Consistently, transfection of miR-424 decreased COP1 protein level and increased concomitantly the level of c-Jun and ETV1, known COP1 targets (16, 19) , in both RWPE1 and LNCaP cells ( Figure 5E ). Importantly, knockdown of COP1 had the same effect on c-Jun and ETV1 expression in these cells ( Figure 5F ). Furthermore, COP1 knockdown with and without miR-424 overexpression had similar effects on ETV1 and c-Jun, indicating that miR-424 was acting mainly by repressing COP1 (Supplemental Figure 7 ). On the other hand, anti-miR-424 increased COP1 and decreased ETV1 or c-Jun in the miR-424-expressing RWPE1-ESE3kd and DU145 cells ( Figure 5G ). Notably, COP1 downregulation was important for the phenotypic effects induced by miR-424 upregulation. Indeed, knockdown of COP1 by siRNAs reproduced the effect of miR-424 on anchorage-independent growth, migration, and PS formation in RWPE1 cells ( Figure 5 , H-K). Conversely, expression of COP1 in DU145 cells reduced anchorageindependent growth, migration, and PS formation (Supplemental Figure 8 , A-D). Notably, coexpression of COP1 in RWPE1 cells reversed the induction of anchorage-independent growth by miR-424 (Supplemental Figure 8 , E and F). Thus, modulating COP1 level reproduced the major effects on target proteins and cell phenotypes associated with deregulation of miR-424, and COP1 prevented the transforming effects of miR-424, indicating that it was a key target of this oncogenic axis.
miR-424 increases STAT3 protein level by targeting COP1. miR-424 upregulation was associated with broad transcriptional reprogramming in both prostate epithelial cells and human tumors. To further investigate this aspect, we applied the ENCODE transcription factor target tool to identify the TFs putatively controlling These results showed that miR-424 induced changes in STAT3 protein level and activity. These effects were strikingly concomitant with the downregulation of COP1 by miR-424. Thus, we hypothesized that these effects could depend on reduced COP1 activity. In support of a direct link between COP1 and STAT3, knockdown of COP1 by siRNAs increased STAT3 level in RWPE1 ( Figure 6I ) and LNCaP cells ( Figure 6J ). Conversely, expression of COP1 reduced STAT3 in DU145 cells as seen after antimiR-424 treatment ( Figure 6K and Supplemental Figure 9 ). This suggested that STAT3 is a substrate of the E3 ligase COP1, leading to its ubiquitination and degradation by the ubiquitin-proteasome system. Consistently, proteasome inhibition by PS-341 prevented STAT3 downregulation induced by COP1 in DU145 cells ( Figure  6L and Supplemental Figure 9 ). Furthermore, expression of a deletion mutant of COP1 (RING) unable to bind and ubiquitinate substrate proteins (16) did not affect STAT3 level ( Figure 6M and Supplemental Figure 9 ). COP1 knockdown significantly delayed turnover of STAT3 in RWPE1 cells, indicating that COP1 was an important regulator of STAT3 degradation in prostate epithelial cells (Supplemental Figure 10) .
Consistent with a direct effect on STAT3, COP1 and STAT3 interacted in RWPE1 and DU145 cells in coimmunoprecipitation experiments ( Figure 7, A and B) . Interestingly, coimmunoprecipitation experiments with WT STAT3 and a phosphorylation-defective Y705F mutant showed that the interaction with COP1 did not depend on the STAT3 phosphorylation status ( Figure 7C ).
In RWPE1 cells the level of ubiquitinated STAT3 was reduced after COP1 knockdown ( Figure 7D ). Conversely, ubiquitinated STAT3 increased in DU145 cells after expression of COP1 ( Figure  7E ). Collectively, these data provided evidence of COP1-dependent ubiquitination and proteasome-mediated degradation of STAT3 in prostate epithelial cells. Significantly, COP1 overexpression in RWPE1 cells reduced STAT3 and p-STAT3 ( Figure 7F ) and concomitantly blocked PS formation promoted by miR-424 ( Figure 7G ). The COP1 deletion (RING) mutant was ineffective in these assays, underlining the important role of the ubiquitin ligase activity of COP1 in mediating miR-424 effects (Figure 7 , F and G). Thus, COP1, by preventing the increase in STAT3 protein level, blocked the miR-424-induced expansion of the cancer stem-like cell compartment in the PS-forming assay. These data support the functional relevance of the COP1 effects on STAT3 ubiquitination and degradation.
Altered STAT3 protein turnover increases basal and cytokineinduced STAT3 activity. Next, we assessed whether the increase in STAT3 protein level dependent on loss of COP1 resulted in increased STAT3 activity. To assess STAT3 transcriptional activity in an unbiased manner, we used a STAT3-responsive luciferase reporter. This assay had the advantage of being independent of the expression of specific targets that could be highly cell type dependent. Knockdown of COP1 by siRNA increased STAT3 reporter activity in RWPE1 cells ( Figure 7H ), while COP1 expres- Figure 7M ). Thus, controlling STAT3 protein turnover, COP1 affected the level of both basal and cytokine-induced STAT3 activity. These data suggest that increased total STAT3 level primes the cells to respond more strongly to IL-6 stimulation. Consistent with a key role of sion in DU145 cells decreased it ( Figure 7I ). Moreover, in RWPE1 cells miR-424-induced STAT3 activity was blocked by the concomitant expression of WT COP1 and not the RING mutant (Figure 7J ), indicating that STAT3 activation by miR-424 in this context was a direct consequence of COP1 repression and impaired STAT3 degradation. We similarly assessed the role of COP1 in response to IL-6 stimulation in LNCaP cells. Knockdown of COP1 slightly increased STAT3 activity in unstimulated LNCaP cells ( Figure 7K ). However, addition of IL-6 to COP1-silenced cells sion determined by qRT-PCR and STAT3 level assessed by IHC in a set of prostate tumors (n = 15) ( Figure 10A ). Next, we examined the level of COP1, STAT3, and p-STAT3 by IHC in primary prostate tumors (n = 136) from patients with long-term clinical follow-up ( Figure 10B ). Low COP1 expression was significantly associated with high STAT3 level (Fisher test P < 0.001) ( Figure 10C ). In line with our in vitro data, p-STAT3 was prevalently observed in the group of COP1-negative/STAT3-high tumors indicative of STAT3 activation ( Figure 10D) . Moreover, the combination of low COP1 and high STAT3 expression identified patients with a significantly higher risk of biochemical relapse after prostatectomy (P ≤ 0.01) ( Figure 10E ). Thus, loss of COP1 was associated with increased STAT3 level, and their association was clinically relevant. Collectively, these data support the notion that miR-424 has key oncogenic functions in prostate tumors largely determined by its ability to silence COP1 and activate STAT3, promoting clinically aggressive tumors ( Figure 11 ).
Discussion
In this study we uncovered a novel oncogenic pathway of broad biological and clinical relevance involving deregulation of miR-424 and leading to altered ubiquitination and stability of key oncogenic TFs in prostate tumors. Activation of this oncogenic axis promotes tumor-initiating and metastatic properties and provides opportunities for targeted therapeutic intervention. This study highlights the oncogenic role of miR-424 in prostate cancer and shows that miR-424-mediated silencing is a relevant mechanism of inactivation of the E3 ubiquitin ligase COP1. Furthermore, we provide evidence that this represents an alternative, noncanonical pathway of activation of STAT3 through decreased ubiquitination and degradation by the ubiquitin-proteasome system. miR-424 belongs to the miR-15/107 family of miRNAs (28) . In line with our data, miR-424 was recently reported to be expressed in highly metastatic subclones of DU145 cells and promote the EMT and metastatic phenotype (29) . Furthermore, miR-424 was shown to be overexpressed and to exert oncogenic functions in breast cancer (30) . In this study, for the first time to our knowledge, we identified COP1 as a biologically relevant target of miR-424 in prostate epithelial cells. COP1 acts as a tumor suppressor in prostate cancer (16, 19) , and our study reveals that posttranscriptional silencing by miR-424 is a frequent mechanism of attenuation of COP1 expression, in addition to the genetic deletions identified in prostate and other tumors. Interestingly, we found that miR-424 upregulation and COP1 silencing increased ETV1 protein level in both ETV1 translocation-positive LNCaP and translocation-negative RWPE1 cells. ETV1 is translocated in 2%-6% of prostate cancer (7) . Thus, these data suggest an alternative pathway of ETV1 upregulation, independent of ETV1 translocation and COP1 deletion linked to miR-424 posttranscriptional silencing. Furthermore, the miR-424/COP1 oncogenic axis was preferentially activated in prostate tumors with reduced expression of ESE3/EHF. Indeed, we found that ESE3/EHF repressed transcription of miR-424 in normal prostate epithelial cells and loss of ESE3/EHF resulted in increased expression of miR-424 with consequent acquisition of tumorigenic and stem-like properties. Interestingly, the contribution of ESE3/EHF to miR-424 deregulation might not be limited to prostate cancer, and this pathway ous tumors that grew in nude mice, indicating that miR-424 was a potent inducer of tumor-initiating properties in prostate epithelial cells (Figure 8, G and H) . Notably, tumor xenografts derived from miR-424-transfected cells exhibited increased levels of STAT3 and p-STAT3 and a reduced level of COP1 compared with control-derived xenografts ( Figure 8I ). Thus, elevation of miR-424 led to persistent activation of the miR-424/COP1/STAT3 axis in vivo, sustaining transformation and tumorigenicity. To further assess the role of STAT3 in the tumorigenic phenotype induced by miR-424, we cotransfected RPWE1 cells with miR-424 and either a siRNA targeting STAT3 (siSTAT3) or control siRNA (siGL3). Relevantly, STAT3 knockdown significantly reduced the growth of miR-424-induced tumors ( Figure 8J and Supplemental Figure  11 , D and E), demonstrating that STAT3 was a key mediator of the oncogenic effects of miR-424 in vivo.
We hypothesized that targeting miR-424 using a miRNA antagonist could be an effective therapeutic strategy to restore COP1-mediated degradation of STAT3 and counteract its oncogenic effects. To test this, we assessed the tumor-initiating capability of DU145 cells transfected with anti-miR-424 or a scrambled control and implanted in nude mice ( Figure 9A ). Anti-miR-424-transfected cells formed significantly fewer tumors than control cells (Fisher exact test 2-tailed P = 0.023) ( Figure 9B ). Only 2 tumors formed from anti-miR-424-transfected cells, and their in vivo growth was considerably impaired in comparison with control cells (P < 0.001) ( Figure 9C ). This was also confirmed using IVIS Spectrum ( Figure  9D ). Tumor cells harvested from anti-miR-424-treated tumors exhibited ex vivo considerably reduced PS-forming ability compared with cells from control tumors (Figure 9E ), indicating a persistent loss of stem cell-like properties as a consequence of miR-424 inhibition and disruption of the miR-424/COP1/STAT3 axis. IHC staining and quantitative scores of xenograft sections showed the reactivation of COP1 expression and reduced levels of STAT3, p-STAT3, and the proliferation marker Ki67 in the anti-miR-424-treated xenografts compared with control ( Figure 9F ), confirming stable reversion of the activation of the miR-424, COP1, and STAT3 axis in vivo. Furthermore, selected STAT3 targets and cancer stem cell markers were also significantly downregulated in antimiR-424-treated xenografts ( Figure 9G) .
Next, we assessed the metastatic capability of DU145 cells transfected with anti-miR-424 or a scrambled control and injected into the tail vein in mice. Importantly, treatment with antimiR-424 significantly compromised the ability of DU145 cells to metastasize to the lung ( Figure 9H ). Formation of lung metastasis by anti-miR-424-treated cells was almost completely prevented as shown by bioluminescence imaging and histopathology evaluation ( Figure 9 , I and J). Taken together, these results implicated that miR-424 had a relevant impact on in vivo tumor growth and tumor-initiating and metastatic properties. Furthermore, its ablation might be a novel context-dependent therapeutic strategy for prostate tumors characterized by elevation of miR-424 expression.
COP1/STAT3 deregulation is associated with adverse prognosis in prostate cancer. To asses the clinical relevance of our findings, we examined the relation between miR-424, COP1, and STAT3 in human prostate tumors. In support of the link between miR-424 and STAT3 observed in experimental models, we found a positive correlation (Fisher test P = 0.025) between high miR-424 expres-jci.org
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human tumors and is associated with poor clinical outcome (20, 21) . STAT3 promotes cancer cell proliferation and survival, metastasis, and tumor progression (20, 21) . In prostate cancer STAT3 contributes to the expansion and maintenance of stem-like cancer cells and might be relevant in other cancer types, in which we found frequent overexpression of miR-424.
A major finding of this study is the demonstration that STAT3 is a substrate of COP1. Activation of STAT3 signaling is frequent in . In light of these recent findings, our evidence of a direct impact of miR-424 and COP1 deregulation on STAT3 protein turnover is highly relevant. Indeed, we show here that altered turnover and accumulation of STAT3 due to miR-424 overexpression and silencing of COP1 increased basal activity and enhanced responsiveness to cytokine stimulation. These results establish that the activity of this key oncogenic TF is also regulated at the level of protein turnover and not exclusively by posttranslational phosphorylation at Tyr705. Consequently, tumors with high miR-424 expression might be more prone to aberrant activation of STAT3 in response to varprogression to castration resistance (24) (25) (26) . In line with these data, we found that miR-424 overexpression was associated with transcriptional signatures of stem-like cells and EMT compatible with aggressive features in human prostate tumors. Furthermore, both COP1 and STAT3 deregulation was associated with increased risk of biochemical relapse in prostate cancer patients. STAT3 activation is ascribed to the activity of receptor-associated and non-receptorassociated tyrosine kinases that phosphorylate STAT3 at Tyr705 (20, 21) . However, alternative pathways of activation that are independent or cooperate with this canonical pathway are emerging (21, 31, (35) . HEK293T cells were used for lentiviral amplification, and viruses were harvested at 48 and 72 hours after transfection, filtered, and used for infection of cells in the presence of 5 μg/ml polybrene (Sigma-Aldrich). After drug selection with puromycin (0.5 μg/ml), resistant LNCaP-424 and control cells were subsequently infected with the pMMP-LucNeo retrovirus and selected with 2 mg/ml of G418 (Gibco). Monoclonal cell lines (LNCaP-424m) were obtained by serial dilution in a 96-well plate. Clones were selected based on highest GFP expression measured by FACS and miR-424 expression levels by qRT-PCR. For in vivo experiments, DU145-Luc cells were established by infection of cells with a constitutively expressing luciferase vector (pMMP-LucNeo retrovirus). LucNeo-expressing cells were selected with 2 mg/ml G418 (Gibco). Where indicated, LNCaP cells were stimulated with 10 ng/ml IL-6 for 1 hour. Cells were regularly checked for mycoplasma contamination using MycoAlert Mycoplasma detection kit (Lonza). Cellular proliferation, clonogenicity, migration, and invasion assays. Growth in anchorage-independent condition was assessed by colony formation in soft agar as previously described (8) . Cell migration was assessed using scratch/wound-healing assay (8) . Cells were grown to confluence and serum-starved overnight before introduction of the scratch in the cell monolayer. Pictures of cell migration were taken at different time points until the closure of the wound. Cell motility was further evaluated in Boyden chamber assays using 6.5-mm Transwell chambers with 8.0-μm pore polycarbonate membrane (3422; Corning Inc.) coated with rat tail Collagen Type I Solution (60 μg/ml; SigmaAldrich). Briefly, following transfection with the miR-424 precursor or miR-424 inhibitor and relative controls, cells were incubated for 24 hours in RPMI without serum (DU145) or in KSF without supplements (RWPE1). Then cells were plated (5 × 10 5 cells per well in 24-well plates) on the top chamber of Transwells in the medium described above with the addition of 0.1% BSA. RPMI with 10% FBS or KSF with supplements was added to the lower chamber, and cells were incubated at 37°C. After 20 hours (DU145) or 24 hours (RWPE1) of incubation, nonmigrated cells were carefully removed from the top of each insert with a cotton swab. Migrated cells were fixed in 4% formaldehyde at room temperature for 15 minutes and stained with 0.1% crystal violet. The number of cells in 5 random fields (×200 magnification) was counted for each chamber. The stained cells were dissolved in 10% acetic acid, and absorbance (proportional to the number of cells) was measured at 590 nm. The migrated cells were represented as percentage of absorbance value relative to the control. Representative images of invading cells stained with crystal violet were taken. The assay was ious stimuli, like inflammatory cytokines, which could lead to the establishment of feed-forward loops promoting stem-like behavior and tumor progression. Our data do not rule out the possibility that, particularly in an aggressive cell context, STAT3 level is maintained aberrantly elevated by additional or concomitant mechanisms including alterations of other ubiquitin ligases beside COP1. Altogether, these findings suggest the necessity of identifying these tumors and devising strategies to prevent their progression. Our results, therefore, also have important therapeutic implications, as compounds that inactivate or deplete STAT3 might be highly effective in tumors exhibiting miR-424/COP1/STAT3 deregulation. To this end, we showed that a miR-424 antagonist restored COP1 expression and reduced STAT3 protein level and activity both in vitro and in tumor xenografts. Indeed, the ability of the miR-424 antagonist to restore COP1 function and promote STAT3 represents a new approach to selectively block STAT3 signaling effectively and selectively in miR-424-expressing cancers. Furthermore, anti-miR-424 treatment was highly effective in reversing the malignant phenotype of miR-424-expressing cancer cells with a prominent and persistent effect on the stem-like cancer cell subpopulation both in vitro and in vivo. Anti-miRNA strategies are an area of active investigation and innovative therapeutic opportunities (33, 34) . Our present data strongly support the efficacy of miR-424 targeting in the context of prostate cancers with deregulation of the miR-424/COP1/STAT3 axis.
Collectively, our data identify a key oncogenic axis initiated by loss of ESE3/EHF and a novel mechanism leading to activation of STAT3 and other oncogenic TFs through altered ubiquitination and degradation. Monitoring the state of this miR-424/COP1/ STAT3 axis could identify patients at risk of progression and disease recurrence and provide insights for the development of specific therapeutic strategies.
Methods
Cell cultures. LNCaP and DU145 cells were obtained from ATCC and maintained in RPMI-1640 (Gibco) supplemented with 10% FBS. Immortalized normal prostate epithelial LHS cells were maintained in PrEC growth medium (PrEGM; Cambrex, Lonza) and RWPE1 cells in Keratinocyte Serum-Free Growth Medium (KSF; Gibco) with specific supplements (Epidermal Growth Factor and Bovine Pituitary Extract; Gibco) (8) . Cell lines with stable ESE3 knockdown (ESE3kd) were established and maintained as previously described (8) . LNCaP cells with stable expression of miR-424 (LNCaP-424) and empty vector as control (LNCaP-EV) were established by infection with the pCDH Expression vectors, reporter constructs, and luciferase assays. FLAGtagged COP1 WT and RING-overexpressing plasmid (provided by J.C. Marine, VIB Laboratory for Molecular Cancer Biology, Leuven, Belgium) (16) was transfected using jetPRIME (Polyplus) according to the manufacturer's protocol. Overexpression of ESE3/EHF was performed using the pRc/CMV-ESE3b-FLAG vector as previously described (8) . The COP1 3′-UTR reporter construct was generated by cloning of the 3′-UTR region of the gene downstream from the luciferase reporter in the pMIR-REPORT vector (Life Technologies). The specific region was amplified by PCR from human genomic DNA extracted from LNCaP (PCR primers: COP1-SacI forward, 5′-GAGCT-CAGTCAAATTGTACTTGATCCTGCTG-3′; COP1-HindIII reverse, 5′-AAGCTTCAAGCTCAACTGTGGCTCAA-3′), cloned in pGEM-T Easy vector, and then subcloned in pMIR-REPORT into the SacI and HindIII sites. Point mutations were introduced in the putative binding site of COP1 reporter using GENEART Site Directed Mutagenesis System (Invitrogen) to generate COP1-MUT (primers: COP1 forward, 5′-TGTAACTCCATGGACATTAATAATCTTGGTGGTGTTATC-3′; COP1 reverse, 5′-GATAACACCACCAAGATTATTAATGTCCATG-GAGTTACA-3′). For STAT3 activity we used the STAT3-responsive luciferase reporter (pGL4.32/luc2P/STAT3-RE/Hygro from Promega; ID CS154201). Luciferase reporter assays were performed using the Dual-Glo Luciferase kit (Promega) as previously described (8) . Results were expressed as relative luciferase activity corrected for Renilla luciferase activity and normalized to the control.
Full-length WT EGFP-STAT3 was provided by Nadya I. Tarasova (Georgetown University, Washington, DC, USA). The EGFP-STAT3 Y705F mutant construct was generated by site-directed mutagenesis using GENEART Site-Directed mutagenesis (Life Technologies).
Flow cytometry. All steps for flow cytometry were performed in PBS supplemented with 0.5% BSA, and 2 mM EDTA. Single cells were stained with anti-human CD44 (1:100; BD Pharmingen; 555477) and anti-human CD24 (1:20; BD Pharmingen; 555427). Cell cycle analysis was performed by staining with 7-AAD (25 mg/ml; Sigma-Aldrich). Samples were analyzed with a FACS Fortessa (BD Biosciences) and FlowJo software as previously described (23) .
Immunoblotting and immunoprecipitation. Cell lysates were prepared using RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.25% Na-deoxycholate, 1 mM NaF, 1 mM Na 3 VO 4 , 1 mM PMSF, 0.1% SDS) with protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail (PhosStop; Roche) as previously described (8) . Total cell extracts were separated by SDS-PAGE and transferred to nitrocellulose membranes (Protran). The following antibodies were used for immunoblot analysis: anti-COP1 (ab56400; Abcam), anti-STAT3 (124H6, 9139; Cell Signaling), anti-p-STAT3 Tyr705 (D3A7, 9145; Cell Signaling), anti-ETV1 (ab81086; Abcam), anti-c-Jun (Calbiochem), anti-GAPDH (Millipore), anti-ubiquitin (Enzo Life Sciences), anti-FLAG (F3165; Sigma-Aldrich), anti-ESE3 (ESE-3A H-205, sc-367574; Santa Cruz Biotechnology). Immunoprecipitation was performed as previously described (37) . Cell lysates were incubated with antibody against STAT3 (sc-482; Santa Cruz Biotechnology) or FLAG tag (F3165; Sigma-Aldrich), and immunoblotting was performed using antibody against COP1 and STAT3. To detect ubiquitylated STAT3, cells were lysed in denaturing buffer (1% SDS, 20 nM HEPES pH 7.2, 2 mM EGTA, 20 nM NaF, 1 mM Na 3 VO 4 ) supplemented with 20 mM NEM (N-Ethylmaleimide; Sigma-Aldrich) and protease inhibitor and phosphatase inhibitor cocktails. After incubation for 10 done in triplicate and repeated in 2 independent experiments. For cell proliferation assay, cells were seeded in 12-well plates, collected, and counted at the indicated time points using an automated cell counter (Beckman Coulter Counter).
In vitro and ex vivo sphere formation assay. For sphere-forming assay (SFA), single-cell suspensions were plated in poly-HEMA-treated dishes in serum-free Mammary Epithelial Basal Medium (MEBM; Cambrex) supplemented with specific supplements for the selection of cancer stem-like cells (8) . Prostatospheres at least 50 μm in diameter were counted after 7 days, and the sphere-forming efficiency was evaluated as previously described (8) . For ex vivo SFA, xenograft tissues were chopped, incubated with Collagenase-Dispase mix solution (1:2) in Hank's buffer for 3 hours at 37°C, and passed through a 40-μm filter, and single cells were counted by hemocytometer. Single-cell suspensions were used to perform ex vivo SFA (8 × 10 3 cells/ml).
RNA extraction and qRT-PCR. RNA was extracted by Direct-zol RNA Mini-prep kit (Zymo Research). Quantitative real-time RT-PCR (qRT-PCR) was carried out using 20 ng of RNA as template and SYBR Green Fast One Step kit (Qiagen). Primer sets used for qRT-PCR (designed using Primer3, http://frodo.wi.mit.edu/primer3/) are reported in Supplemental Table 3 . The expression of each gene was normalized to β-actin.
For miRNA expression analysis, 400 ng of purified RNA was retro-transcribed using TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems) with specific primers (TaqMan MicroRNA Assays ID: 4427975-000604; Applied Biosystems), and the cDNA was subjected to TaqMan Probe-based real-time PCR (TaqMan Universal PCR Master Mix; Applied Biosystems). The expression was normalized to RNU6 (Control miRNA assay, ID: 4427975-001093; Applied Biosystems).
miRNA precursor, antagomiR, and siRNAs. For miR-424 overexpression, RWPE1 and LNCaP cells were transiently transfected with 40 nM miR-424 precursor (PremiR-424, AM17100-PM10306; Ambion) or Negative Control #1 (AM17110; Ambion). For miRNA inhibition, DU145 and ESE3kd cells were transiently transfected with 40 nM of a specific LNA antagomiR (Mercury LNA Power Inhibitor; Exiqon) or a scrambled control (Negative Control A; Exiqon). For COP1 knockdown, cells were transfected with 50 nM of 2 distinct COP1-directed siRNAs (siCOP1#1 and siCOP1#2; Ambion) and siRNA directed to luciferase gene (siGL3; Ambion) or Negative Control #1 siRNA (4611; Ambion) as controls. For STAT3 knockdown, cells were transfected with 50 nM of STAT3-directed siRNA (siSTAT3, ID s743; Ambion). All transfections were performed using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's instructions. In vitro functional assays were performed 24 hours after the indicated transfection. Unless otherwise specified, cell lysates were prepared 72 hours after miRNA precursor or antagomiR transfection and 48 hours after siRNA transfection.
miRNA target prediction. miR-424 target prediction was performed using miRWalk (http://mirwalk.uni-hd.de/) with a comparative analysis of different prediction programs. We selected targets predicted by at least 5 of the 8 prediction tools included in miRWalk. miR-424 binding site on COP1 3′-UTR was identified by 6 of the 8 programs (miRWalk, miRanda, Targetscan, Diana, Pictar4, PITA) with an 8-bp perfect match between the seed region and the mRNA target sequence. The miR-424/COP1 binding was further confirmed by RNAhybrid (36 . Slides were washed and scanned using an Agilent B dual-laser microarray scanner. Images obtained were analyzed using Feature Extraction software. Raw data were processed using R; briefly, background subtraction was not applied, and log 2 intensities were normalized using the "invariants" methodology (38) . Differentially expressed miRNAs were obtained by selection of probes with absolute log 2 fold change greater than 0.37 and adjusted P value less than 0.01. Data are compliant with Minimum Information About a Microarray Experiment (MIAME) and have been deposited in GEO (GSE60371). Hierarchical clustering. Hierarchical clustering with Pearson correlation as similarity metric and "complete" as linkage method was applied to the log intensity matrix of miRNAs × samples, with selection of miRNAs based only on their coefficient of variation along samples (>0.016, i.e., greater than the median of all coefficients of variation). This selection yielded to 1,367 probes (corresponding to 698 miRNAs), including those for hsa-miR-424-5p.
Gene set enrichment analysis. Gene set enrichment analysis (GSEA) was conducted as previously described (8, 11) . To identify gene signatures associated with increased miR-424 expression, we used the GSEA algorithm and the Molecular Signatures Database (MSigDB) C2 collection (version 4) of chemical and genetic perturbations (n = 3,402 gene sets) (http://software.broadinstitute.org/gsea/msigdb). The metric used for gene ranking was the correlation of the expression values of a gene with the miR-424 expression values across the human prostate samples. The metric was calculated for all genes within the microarray, after collapsing of the probes to the one with maximum absolute value. GSEA results are shown using the normalized enrichment score, which accounts for differences in gene set size and correlations between gene sets in different data sets. The androgen receptor (AR) score available in TCGA was applied to tumors with high, intermediate, and low levels of miR-424 in the same data set.
Gene expression profiling. RNA was collected from RWPE1 cells 48 hours after transfection with 30 nM pre-miR-424 or Negative Control #1. We performed 8x60k Sure Print G3 Human GE Arrays. RNA was amplified, labeled, and hybridized according to the 2-color microarray-based gene expression analysis protocol (Agilent Technologies). Slides were scanned with the dual-laser scanner Agilent G2505B and analyzed as previously described (8) . Differentially expressed genes were obtained by selection of probes with absolute log 2 fold change greater than 0.37 and adjusted P value less than 0.05. Data are MIAME compliant and have been deposited in GEO (GSE60371).
Comparative transcriptome analysis of miR-424. For comparative transcriptome analysis of miR-424-5p in several data sets (lung, gastric, breast, and prostate tumors vs. normal matched controls), gene expression data sets publicly available in the GEO database were examined (GSE60371). Moderated t test P values were obtained using linear models for microarray analysis (LIMMA). In case of multiple probes for miR-424-5p, the one with the lowest P value was used. In addition we retrieved RNA sequencing (RNA-Seq) data from the TCGA project (https://gdcportal.nci.nih.gov/projects/TCGA-PRAD). Levels of miR-424-5p were expressed as reads per million.
Extraction of miR-424 signatures in primary prostate tumors. RNASeq data were retrieved from TCGA as described above. Samples were subdivided according to the level of miR-424-5p. Two-class comminutes at 65°C, lysates were sonicated and diluted 10 times in 1% Triton buffer (1% Triton, 20 nM HEPES pH 7.2, 2 mM EGTA, 20 nM NaF, 1 mM Na 3 VO 4 ) and subjected to immunoprecipitation with anti-STAT3 antibody (sc-482; Santa Cruz Biotechnology). Where indicated, PS-341 treatment was done at 10 μM concentration for the indicated time.
Chromatin immunoprecipitation. A computational search for ETS binding sites on the MIR424 promoter was performed using MotifViz (https://biowulf.bu.edu/MotifViz/). ChIP was performed as previously described (8, 10) . Chromatin was immunoprecipitated with antibodies anti-ESE3 (Clone 5A5.5; Lab Vision), anti-H3K27me3 (Millipore), anti-H3Ac (Millipore), and anti-H3K9me3 (Millipore), and IgG antibody (Millipore) as control. Samples were analyzed by quantitative PCR performed with SYBR Green PCR Master Mix (Applied Biosystems) using primers for the MIR424 promoter: forward, 5′-GGACGAAGGCATATGCAAAA-3′; reverse, 5′-TCTGAACT-GCAATGTGTTTGG-3′. Analysis of the TWIST1 promoter including the ETS binding site (forward, 5′-GAATTTCTGCCGCATTCTCT-3′; reverse, 5′-GCCGCTGCCTTACTGTAAAA-3′) and of the GAPDH promoter region (forward, 5′-TCCTCCTGTTTCATCCAAGC-3′; reverse, 5′-TAGTAGCCGGGCCCTACTTT-3′) was performed as positive and negative control, respectively.
Animals and tumor xenografts. Athymic nude mice (BALB/c nu/nu, 4-6 weeks old; Harlan Laboratories) were used for in vivo experiments. ) were subcutaneously injected in mice (n = 6 per group) after in vitro transfection of 40 nM LNA anti-424 or scrambled control. Tumor growth was monitored every 2 days with a caliper and IVIS Spectrum (PerkinElmer). Results were analyzed using Living Image software 4.2 (PerkinElmer). To evaluate lung metastatic capacity, in vitro-transfected DU145-Luc cells (1. 5 × 10 6 ) were injected into the tail vein of nude mice (n = 7 per group). Animals were sacrificed after 5 weeks. Formation of lung metastasis was monitored by in vivo and postnecropsy bioluminescence imaging with the IVIS Spectrum.
Patient samples and data sets. The in-house patient cohort (Biella cohort) was used for miRNA expression profiling and included snap-frozen tissue samples collected from normal prostate biopsies (n = 21) and primary prostate tumors (n = 48). The clinical parameters of the 48 prostate cancer samples are described in Supplemental Table 4 . Gene expression profile data from these patients were previously described (10) . The TCGA (The Cancer Genome Atlas) data set was downloaded from http:// gdac.broadinstitute.org/, and included 419 primary prostate tumors. Data for other tumors were downloaded from data sets publicly available on the GEO database (GSE60371). See above for further details.
miRNA expression profiling. miRNA expression profiling was carried out in normal (n = 21) and primary prostate tumors (n = 48) and in ESE3kd and control cells using the 1-color labeling method and following the manufacturer's protocols (Agilent Technologies). Briefly, 100 ng of total RNA was dephosphorylated and denatured; then a ligation and labeling step with Cy3 was performed. Samples were hybridized to oli-jci.org
Volume 126 Number 12 December 2016 cells. Patients included in the Kaplan-Meier analysis had been treated with radical prostatectomy and had complete clinical record and follow-up data and evaluable IHC staining. Biochemical recurrence was defined as a 0.2-ng/ml increase in prostate-specific antigen (PSA) with a second confirmatory PSA measurement greater than 0.2 ng/ml or recurrence of disease after prostatectomy, such as development of metastatic cancer, if biochemical recurrence information was not available. For biochemical recurrence-free survival we included all the deaths that occurred within 10 years after radical retropubic prostatectomy.
Statistics. The significance of differences between groups was measured with 2-tailed Student's t test, and P values of less than 0.05 were considered statistically significant. Significance in overlapping gene lists was calculated using Fisher's exact test. Statistical analysis was done using Stata 12.1 and SPSS software. For correlation analysis the Pearson correlation was calculated in Stata 13 software. The t test is used to establish if the correlation coefficient is significantly different from 0, and hence that there is evidence of an association between the 2 variables.
Study approval. The protocol for tissue collection was approved by the Ethics Committee of Regione Piemonte (Italy) and by patients' written informed consent. Tissue samples for TMA were collected with the approval of the Institutional Ethics Committees at Insespital (Bern, Switzerland) and patients' written informed consent. Histopathological and clinical data relative to the TMA specimens were collected and continuously updated (Insespital, Bern). All animal experiments were approved by the Swiss Cantonal Veterinary Committee and were in accordance with the National Policy on Humane Care and Use of Laboratory Animals.
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